We studied current-induced magnetization dynamics in Co/ Cu/ Co nanopillars using the Landau-Lifshitz-Gilbert equation incorporating the spin transfer torque effect. We show that the magnetization dynamics can be grouped into four types according to its characteristics and the current density value under zero external field. It is found that an external field can significantly affect the magnetization dynamics, either favoring or impeding the magnetization switching depending on its direction.
I. INTRODUCTION
Spin transfer torque 1,2 ͑STT͒ results from the angular momentum transfer between two ferromagnets through the electrons in the spin-polarized current flowing through them. If the current density is sufficiently high, spin-wave excitations will be stimulated or even switched the magnetization of a nanoscale magnetic film. The role of STT in magnetization switching and spin-wave excitations has been verified by many experiments. [3] [4] [5] [6] [7] [8] [9] In addition to the experimental research, many theoretical studies [10] [11] [12] [13] [14] have also been attempted. However, despite extensive studies in this subject, a systematic study on current induced magnetization precession and switching is lacking.
We investigate the magnetization dynamics for a nanoscale pillar structure under the influence of a spin-polarized current with in-plane magnetization traversed by a perpendicular-to-plane current through numerical simulations. The Landau-Lifshitz-Gilbert ͑LLG͒ equation including two additional terms that describe the STT effect is employed to model the magnetization dynamics.
II. MODEL AND NUMERICAL SIMULATION
The model geometry of the nanopillar is defined as Co ͑2 nm͒ / Cu ͑4 nm͒ / Co ͑10 nm͒, as shown in Fig. 1 . The lateral size of the nanopillar is 64ϫ 64 nm 2 . With two leads at 8 nm each, the size of the nanopillar is 32ϫ 64ϫ 64 nm 3 . It was divided into 32ϫ 64ϫ 64 cubic grids. The two Co layers ͑ferromagnets͒ are separated by a thin Cu layer ͑nonferro-magnetic metal͒. The thin and thick Co layers are the free and pinned layers, respectively. As Co possesses uniaxial anisotropy, we assume that the easy axis of both Co layers is parallel to x axis. The free layer magnetization has two stable states in the x orientation, i.e., parallel or antiparallel to positive x axis. The pinned layer magnetization vector P is fixed at positive x axis, and the initial magnetization vector M of the free layer is along the same direction. The symmetric in-plane geometry of 64ϫ 64 nm 2 is different from most experiments. However, this will not significantly affect our conclusions because the difference between demagnetization fields in the x and y directions in the asymmetric geometry used in the experiment is far smaller than the uniaxial anisotropy field of Co. We adopt the current-perpendicular-toplane geometry. The positive current is defined as the current flow from the free layer to the pinned layer. The external field is applied only in the x direction. The modified LLG equation 15 taking into account the STT effect can be written in the form of
where M is the magnetization vector of free layer, ␥Ј = ␥ / ͑1+␣ 2 ͒, ␥ is the gyromagnetic ratio, ␣ is the dimensionless damping constant, H eff is the effective field, M s is the saturation magnetization and modulus of magnetization of free layer and pinned layer, B is the Bohr magneton, J is the current density, d is the thickness of the free layer, and e is the modulus of electron charge. The angle between M and P is , M · P / M s 2 = cos . The scalar function g͑M , P͒ was deduced by Slonczewski, 
where is the spin polarizing factor. The first term of modified LLG equation is the precession term that conserves the magnetic energy and determines the precession frequency of the magnetization dynamics. The second term is the damping term that dissipates the energy during magnetization dynamics. The last two terms describe the function of STT, which inclines to drag the magnetization away from its initial stable state and motivates the magnetization precession around effective field, which mainly consist of anisotropy, demagnetization, and exchange field. We investigated the dynamics of magnetization by numerically solving modified time-dependent LLG equation using the Gauss-Seidel projection method 16, 17 with constant time step ⌬t = 0.014 875 ps which is small enough to ensure numerical stability and sufficient precision. The detail simulation processes and the parameters used here are same as in Ref. 18 .
III. RESULTS AND DISCUSSION
We performed systematic computer simulations of magnetic switching under different current densities. We summarize our results in Fig. 2 . Under zero external field, a positive current results in magnetic switching from an antiparallel state ͑APS͒ to parallel state ͑PS͒ alignment. In this case, the magnetization process can be grouped into four types: unchanging state, steady precessional state, multidomain state, and bistable state. Of the four types, only in the bistable state, the magnetization can be switched back and forth relative to the initial configuration. The competition between STT and the Gilbert damping is dominant for the formation of the four states. On the other hand, a negative current favors APS and leads to magnetic flipping from PS to APS. However, different from the previous case, only three types of states were observed in the reverse process from parallel to antiparallel alignment; the steady precessional state is missing. Under an external field, the magnetization dynamics becomes much more complicated. The critical current density for each state is influenced by the external field which can favors or impedes the magnetization dynamics according to its direction.
Each state in the switching process corresponds to a certain current density range. If current density varies in the range of −7.0ϫ 10 7 A / cm 2 Ͻ J Ͻ 1.7ϫ 10 7 A / cm 2 , the magnetization dynamics lies in the unchanging state. The magnetization does not change and remains in their initial orientation ͑parallel or antiparallel state͒. This is the result of the STT energy input being lower than the Gilbert energy dissipation. The magnetization dynamics is heavily damped.
In the range of 1.7ϫ 10 7 A / cm 2 ഛ J Ͻ 1.85 ϫ 10 7 A / cm 2 , the magnetization lies in the steady precessional state. The magnetic moments precess around the effective field along the x direction, with oscillations at constant frequency and amplitude. The magnetization in free layer is uniform, so it is a single domain. The steady precessional state is reached when the Gilbert energy dissipation equals the STT energy input.
In the ranges of −14.0ϫ 10 7 A / cm 2 Ͻ J ഛ −7.0 ϫ 10 7 A / cm 2 and 1.85ϫ 10 7 A / cm 2 ഛ J Ͻ 6.0ϫ 10 7 A / cm 2 , the magnetization lies in the multidomain state. The mechanism of the formation of this state is similar to that of steady precessional state. The differences are that the free layer is not a monodomain, as shown in Fig. 3͑b͒ , and that the frequency and amplitude of magnetization oscillation are not constant. The multidomain is formed to reduce the magnetostatic energy. It should be noted that in this state, the magnetization could not be switched by STT either. When −ϱϽJ ഛ −14.0ϫ 10 7 A / cm 2 and 6.0 ϫ 10 7 A / cm 2 ഛ J Ͻϱ, the magnetization dynamics lie in bistable state. In this state, the magnetization can be switched back and forth between two stable states: parallel and antiparallel configurations. The threshold current density from APS to PS is J c APS→PS = 6.0ϫ 10 7 A / cm 2 and that for PS to APS is J c PS→APS = −1.4ϫ 10 8 A / cm 2 . The current density in this state is large enough to switch the magnetization of the free layer, or the STT is always bigger than the Gilbert damping in the whole switching process.
For example, if a magnetization initially was along the −x axis ͑APS͒ ͓Fig. 3͑a͔͒, a positive current density greater than 6.0ϫ 10 7 A / cm 2 will switch the magnetization to the direction along the +x axis ͑PS͒ ͓Fig. 3͑c͔͒. If the positive current density is smaller than 6.0ϫ 10 7 A / cm 2 and greater than 1.85ϫ 10 7 A / cm 2 , it cannot switch the magnetization, but it leads a multidomain state ͓Fig. 3͑b͔͒. For the positive current densities between 1.7ϫ 10 7 and 1.85ϫ 10 7 A / cm 2 , it results in a precessional state in which there is no domain switching but with the magnetization presses around its local effective field. For positive current densities smaller than 1.7ϫ 10 7 A / cm 2 , the initial domain structure will remain unchanged ͓Fig. 3͑a͔͒. Figure 4 shows the variation of the x component of the magnetization from APS to PS. The characteristics of the two states of multidomain state ͑MS͒ and bistable state ͑BS͒ in the magnetization dynamics can be obviously seen. The magnetization can be switched only when the current density is large enough, as the curves of J = − 2 , where the magnetization dynamics lie in MS. It is also obvious that the higher the current density is, the shorter the switching time is.
The magnetization dynamics is more complicated when there is an external field applied along the x direction. Figure  5 shows the magnetization dynamics in current density of 9.0ϫ 10 7 A / cm 2 under four different external fields: ie., 0.2M s , 0.1M s , 0M s , and −0.1M s . Through the comparison of four curves, one can find that the external field favors the magnetization switching from antiparallel to parallel alignment when it is in the positive direction and impede the switching in the negative direction. For example, for the current density of 9.0ϫ 10 7 A / cm 2 , −0.1M s is large enough to stop the magnetic switching, making magnetization dynamics lie in the multidomain state. When it is in the positive direction, larger external field makes the magnetization switch from APS to PS more quickly.
The magnetization switching threshold is also shown in Fig. 6 . When it is in the positive direction, the higher the external field is, the lower the switching threshold current density is. When it is in the negative direction, the higher the external field is, the higher the switching threshold current density is. In fact, the types of magnetization dynamics are mainly decided by the competition between STT and the Gilbert damping.
IV. CONCLUSIONS
Based on our systematic computer simulations of current-induced magnetization dynamics in Co/ Cu/ Co nanopillars, the magnetization process from an APS to PS alignment can be grouped into four types: unchanging state, steady precessional state, multidomain state, and bistable state, depending on the current density. On the other hand, only three types of states, without the steady processional state, were observed in the reverse process from parallel to antiparallel alignment. Under an external field, the magnetization dynamics becomes much more complicated. 07B111-3
